We report an unambiguous phonon resonance effect originating from germanium nanoparticles embedded in silicon matrix. Our approach features the combination of phonon wave-packet method with atomistic dynamics and finite element method rooted in continuum theory. We find that multimodal phonon resonance, caused by destructive interference of coherent lattice waves propagating through and around the nanoparticle, gives rise to sharp and significant transmittance dips, blocking the lower-end frequency range of phonon transport that is hardly diminished by other nanostructures. The resonance is sensitive to the phonon coherent length, where the finiteness of the wave packet width weakens the transmittance dip even when coherent length is longer than the particle diameter. Further strengthening of transmittance dips are possible by arraying multiple nanoparticles that gives rise to the collective vibrational mode. Finally,
it is demonstrated that these resonance effects can significantly reduce thermal conductance in the lower-end frequency range. Controllability of thermal transport in materials is highly important in order to meet the technological needs to dissipate, store, or convert thermal energy. For instance, the suppression of thermal transport leading to low thermal conductivity is beneficial for thermoelectric materials [1] . The thermal transport in common crystalline materials is a highly multiscale phenomenon where thermal phonons with a broad range from subto tens of terahertz (THz) contribute [2, 3] . Therefore hierarchically-structured materials such as those combining the grain boundaries and impurities capable of annihilating broad range of phonons are comparatively effective [4, 5] . For further reduction of thermal conductivity, the key is to inhibit transport of phonons with the lower-end frequencies (from sub THz to a few THz) because they tunnel through the interface (grain boundary) since the transmittance asymptotically approaches unity as frequency decreases [6] . The exact critical frequency below which the tunability becomes impacting depends on the material, but for instance a recent study on crystal-amorphous silicon (Si) nanocomposite has shown that phonons with frequency below a few THz still propagate and contribute to a large fraction of the remaining thermal transport [7] .
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Such significance of phonons with the lower-end frequencies should be applicable in general for nanostructured crystalline materials with low thermal conductivity [8, 9] .
A widely explored approach to impede low frequency phonons is to construct a phononic crystal, which inhibits propagation of phonons within certain frequency range as a consequence of interference of phonon waves reflected at the periodic structures [10] . A challenge from practical viewpoint lies in the necessity to pattern the periodic structures at the nanoscale such as the epitaxial superlattices. Although top-down nanofabrication (such as holes) with length scale of ~100 nm is possible [11] [12] [13] [14] , the target phonon frequency would be limited to the order of gigahertz, which has negligible contribution to thermal transport at room temperature due to the small density of states.
One way to introduce phonon interference without having to construct spatially periodic structures is to exploit local resonance. This has been theoretically demonstrated in various systems with the "added-structures" such as nanowires and thin films with pillars erected on the surface [15] [16] [17] [18] [19] , and a solid interface with embedded defect-atom arrays [20, 21] . The effect of local resonance on reflection enhancement can be related with destructive interference of different phonon paths in real space (through and around the local resonator), and results in flattening of phonon bands or in total reflection of phonons at certain frequencies [6, 15, 20, 21] . However, to impact phonons with the lower-end frequencies, the above "added-structures" need to be built at the nanoscale, and thus would still be extremely challenging. In this Rapid Communication, we explore the possibility to introduce the local resonance in a practical system, where the coherently embedded germanium nanoparticles (GeNPs) in Si matrix are considered as nano-oscillators interacting with lattice waves [15] and similar structures have been fabricated in Refs. [22, 23] . We conduct polarization-wise phonon wave-packet (PWP) simulations [24] [25] [26] based on molecular dynamics (MD) of both longitudinal and transverse acoustic (LA and TA) waves to retrieve the resonance frequencies, transmittance, and associated vibrational mode of the GeNP and highlight the impact of coherence length on resonance effect. A representative configuration of the PWP simulation is depicted in Fig. 1 [30] using the same potential in PWP simulation for consistency. By adopting the same configuration as that of the PWP simulation, we identify the eigenfrequencies of the GeNP whose eigenmodes match with the motions observed in the PWP simulation. In
Figs. 2(c) and (d) , the diameter dependences of the eigenfrequencies for LA and TA modes are compared with that of resonant frequencies obtained from PWP simulation.
The eigenfrequencies agree well with the resonant frequencies, although the small discrepancy slightly grows as d decreases since the shape of GeNP deviates from an ideal sphere. The frequency linearly scales with inverse diameter, i.e. ωRd is invariant for the same mode under the same area fraction, which is a reminiscent of the frequency-spectra scaling law of the quasimacroscopic-acoustics origin, see also [31] .
In this linear dispersion regime, this can be also written in terms of the central wavelength of PWP  as ≈4d and ≈2.6d for LA and TA PWPs, respectively.
Note that the transverse periodicity of GeNPs imposed naturally in our PWP simulation (with one GeNP per transverse supercell) is not necessary for the current resonance effect to take place as the resonant frequency and transmittance dip are found to be similar even by randomly displacing the GeNPs, i.e. breaking the periodicity [27].
This confirms the advantages of such local resonance over those requires rigorous global periodicity. Also, the transverse periodicity leads to different number densities of GeNPs for LA and TA modes manifesting in slightly different resonant frequencies, 6 which are otherwise the same for an isolated GeNP. We highlight the effect of the coherent length Cl on resonance as Cl can be easily tuned in our PWP simulation. In reality, it takes a finite value determined by phonon scattering due to anharmoniciy, impurity, and/or defects, and thus, depends on the actual system and temperature. no longer zero at the resonance frequency [21, 27 ]. An important observation here is that the weakening of resonance manifests for coherent length that is much larger than the particle size. For instance, the magnitude of the transmission dip was reduced by 40% even though Cl is more than 100 times larger than d. There have been many works reported recently aiming to establish phononic materials with global or local phonon interference, and the usual challenge has been to reduce the structure sizes below the coherence length. However, the present finding indicates that the structure needs to be orders-of-magnitude smaller than the phonon coherent length for the interference to
give the impact anticipated from the plane-wave-based analysis. Therefore, we expect that the resonance effect would be largely constrained in reality unless very small structures such as the current nanoparticles are used.
In addition, the large Cl calculation finds the presence of a secondary dip ( Fig. 2 (e)), at a frequency higher than the fundamental one, which originates from resonant squeeze mode of GeNP [27] . For the rest of the transmittance calculations, we adopt a fixed value of Cl=354 nm for all the frequencies except for those around the largest dips, with which dip width starts to saturate, and the computation is affordable. It should be noted here that Cl=354 nm is on the order of the phonon MFP of pure crystal Si at room temperature. As for the frequencies around the largest dip, Cl was set to 550d in case of The transmittance dip can be further enhanced by manipulating the inter-particle distance among multiple GeNPs to excite collective motions of them. For the demonstration, four spherical GeNPs (d=1.1 nm) are aligned along the z-axis with equal inter-particle distance D to form an array with D=d, 2d, 4d, 5d and 8d, of which two adjacent GeNPs are sketched in the inset of Fig. 3(a) . Fig. 3(a) shows that except for D=d, depths of LA-transmittance dips are enhanced due to magnification of resonance by multiple GeNPs (similar for TA modes in [27]). For D=2d, the width becomes much larger than the single GeNP case. It is found that at the resonant frequency (the same frequency as single GeNP), four GeNPs exhibit out-of-phase vibration (adjacent GeNPs rattling oppositely along the z-axis) as sketched in Fig. 3 
(d)-(1). Recalling that ≈4d
holds for the rattling mode, the out-of-phase collective vibration is understandable since each GeNP is located on the node of the phonon wave. Its robustness is further evidenced by the similarities among transmittance dips for D=2d, 4d and 8d, which are integral multiples of 2d. Furthermore, we have performed the FEM analysis for four
GeNPs array with D=2d and extracted four relevant eigenstates whose frequencies are close to the resonant frequencies as indicated in Fig. 3(a) . The obtained vibrational modes are sketched in Fig. 3(d) in the order of ascending frequencies. Among the four modes, the out-of-phase vibration in Fig. 3(d) - (1) was observed in the PWP simulation because of the high receptivity, i.e. the agreement of eigenmodes between the PWP and collective resonance. In the case of D=5d, the dip width is narrower due to the absence of collective resonance, although the depth is larger due to the enhanced reflection by multiple Transmittance spectrum T(ω) of four GeNPs array with respect to pure Si.
The resonant features become obscure in the full BZ calculation with dips of many modes with different wavevectors being superimposed, however, some of the features persist: the critical frequency above which the reduction becomes significant is about 1 THz, and four GeNPs array is evidently more effective than the single GeNP, whose effect is characterized by significant reduction in the transmittance spectrum T(ω) with respect to pure Si [inset in Fig. 4(b) 
1) Details of phonon wave-packet simulation (PWP)
A representative configuration of the PWP simulation is depicted in Fig. 1 
where uj(kl,t) and R(l) denote the displacement vector of the k-th atom in the l-th unit cell and the coordinates of the l-th unit cell, and R0 represents the center of PWP in real space. but we expect its effect is negligible based on previous study on phonon transmission and thermal conductance of strained Si/Ge interface [S4] . So we apply the same interatomic Stillinger-Weber (SW) potential of Si parameterizations [S5] to both Si and Ge atoms for convenience and only modify the mass for Ge (mGe=2.585mSi). Moreover, the neglect of interatomic force field difference between Si and Ge atoms is justifiable because firstprinciples calculations have shown that the interatomic force constants (both harmonic and anharmonic) of Si and Ge crystals are mutually transferable [S6] . The actual simulation is performed using LAMMPS package [S7] .
2) Vibrational modes analysis
We present the vibrational modes analysis of the GeNP (d=2.2 nm) with amplitude of phonon wave-packet being 2×10 -5 nm from trajectories of Ge atoms corresponding to several frequencies of transmittance minima in Fig. S1 . (a) The largest resonant transmittance dip in Fig. 2(a) for LA phonon. (b) Second harmonics of the largest resonant transmittance dip in Fig. 2(a) for LA phonon. (c) The largest resonant transmittance dip in Fig. 2(b) for TA phonon (x-coordinate displacement).
(d) The same as (c), but for y-coordinate displacement.
3) Weak dependence of resonant frequency and transmittance dip on the rigorous transverse periodicity
We show the weak dependence of resonant frequency and corresponding transmittance dip on the rigorous transverse periodicity by taking LA phonon with d=1.1 nm as example in Fig. S2 . In PWP simulation, we change the original square cross section in Fig. 1 to rectangular cross section with wx:wy=2:1 containing two GeNPs in the inset (ii) of Fig. S2 to accommodate aperiodic variation. The GeNP on the right in the inset (ii) is then displaced by about 0.76 nm from its original periodic position as shown and denoted as "Aperiodic", while the inset (i) is "Periodic" and equivalent to original configuration in Fig. 1 . The resulting largest transmittance dip is found to resemble that of the original configuration with a bit shallower depth, and resonant frequency shows slight blue-shift. Inset (ii): "Aperiodic" configuration.
4) Resonant frequency dependence on area fraction and inter-particle distance
The resonant frequency of an embedded spherical object with transverse periodicity by a plane longitudinal wave is determined by a complex interplay among materials properties, area fraction of the object and inter-particle distance [S8] . We check several aspects which are relevant here.
Firstly, the resonant frequency is found to be dependent on the inter-particle distance.
We demonstrate this by fixing d=1.1 nm and varying w accordingly. In PWP simulation, we conducted three cases which are d:w=1:4, 1:3 and 1:2, and these area fraction are comparable with those in [S8] . We prescribe three different coherence lengths Cl=354, 601 and 1273 nm for each case to also study its dependence and α(ω) results for LA phonons are shown in Fig. S3 (a) . The resonant frequency of current configuration can be estimated based on Eq. (7) 
6) Details of atomistic Green's function (AGF) method
The targeted system contains three coupled subsystems: two semi-infinite leads connected through the scattering region according to scattering theory as shown in Fig.   S6 .
Fig. S6
Schematics of system in AGF method.
[S10]:
where ħωk and ωmax are the energy and the maximum frequency in the system. T refers to the mean temperature of the system, kB and ħ represent the Boltzmann and the reduced 
8) The collective resonance for TA modes
The TA mode generally shows very similar collective features as its LA counterpart as shown in Fig. S8 for four GeNPs array (d=1.1 nm) with D=d, 2d, 4d and 5d. When D=2d, because of the strong collective motion, the transmittance dip becomes the wideset among all cases and reach very close to zero. D=4d shows similar but weaker broadening, a confirmation for the rule of integral multiples of 2d. In the case of D=5d, the dip width is again narrower due to absence of collective resonance.
Fig. S8
Transmittance α(ω) calculated from TA PWP simulation with four GeNPs array (d=1.1 nm) with different equal inter-particle distances D=d, 2d, 4d and 5d.
9) Resonant squeeze mode
A large coherence length finds the presence of a secondary dip (Fig. 2 (e) ), and we identify it is a resonant squeeze mode: We conducted the vibrational modes analyses to both the 1st (largest) and 2nd dip for the LA phonon at two different coherence lengths (Cl=177 nm and 1273 nm) as shown in Fig. S9 . We found that on contrary to rattling mode in Fig. S9 (a) and (b) which shows a symmetric displacement (equal amplitudes at z+ and z-directions) of center of mass (COM) of GeNP along z-axis for 1st dip, it shows a nearly-zero motion for 2nd dip and an asymmetric feature in the displacement as shown in (e) and (f). The increasing Cl increase the displacement for the 1st dip and enhance the asymmetric feature for the 2nd dip. We dig into more details by computing displacement of individual Ge atoms (total 34 atoms superimposed) comprising the GeNP along x-, yand z-axes. As another confirmation for the rattling mode, it is found the Ge atoms vibrate along z-axis but nearly-zero motion along x-and y-axes [(c), (d) ]. However, it shows displacements at all axes for the 2nd dip with amplitude along z-axis almost two times larger than those in x-and y-axes [(g), (h)]. Together with the vibrational behavior of GeNP in real space observed from PWP simulation, we conclude it is the alternative squeeze of GeNP along the z-axis and perpendicular to it for the 2nd dip. 
